The Italian National Reference Center for Echinococcosis (CeNRE, Sassari, Italy) set up a diagnostic protocol of "one-step-PCR" useful for the detection of E. granulosus sensu stricto (E.g.s.s.) and the identification of its genotype (G1-G3). The purpose of this work was to perform the validation of the "PCR E.g.s.s." method. The procedures were performed employing the criteria of the World Organization for Animal Health as well as of the Italian Accreditation Body (ACCREDIA) based on the Regulation UNI CEI EN ISO/IEC 17025. Positive DNA samples belonging to E. granulosus, E. ortleppi, E. multilocularis, E. canadensis species were used for the experiments. Analytical specificity evidenced primer pairs Cal (Calreticulin l gene of 1001 bp) with an specificity higher respect to Ef1 (Elongation-Factor 1 Alpha gene of 706 bp) and NAD (Dehydrogenase-subunit 1 gene of 219 bp). The analytical sensitivity presented the capability to detect a very low amount of parasite DNA corresponding to a concentration of 12.5 pg/µl; accuracy and precision related to the operator performance, along with repeatability and reproducibility, evidenced high concordance among results and demonstrated an excellent κ values of Cohen. According to the good performance related to the evaluated parameters, the method "PCR E.g.s.s." was suitable for the validation procedure, and consequently, to be undergone to the accreditation process. In conclusion, the results demonstrated an elevated robustness and reliable features of the "PCR E.g.s.s." able to perform a rapid diagnosis of E. granulosus in only "one step", hence, it is likely to avoid the sequencing step.
Introduction
Cystic Echinococcosis (CE) is a neglected zoonotic disease caused by the larval stage of the tapeworm Echinococcus granulosus sensu lato (s.l.) [1, 2] . CE is considered a significant global public health problem with a worldwide distribution and an economic issue [3] [4] [5] . The World Health Organization [6] has estimated the CE as one of the 17 Neglected Tropical Diseases with global distribution and it is listed among the most severe parasitic diseases in humans, ranking second in the list of food-borne parasites [7, 8] . CE was evaluated at the first Joint Expert Committee on Zoonoses, hence, since 1950 this parasitosis has been recognised as a worldwide public health problem [8] .
Echinococcus granulosus s.l. displays a significant variability in terms of genetic diversity, infectivity to humans, pathogenicity, antigenicity, host range, morphology and developing rate [1, [9] [10] [11] . Molecular characterization studies have already identified several species and genotypes belonging to E. granulosus s.l [12] [13] [14] [15] [16] [17] [18] . Further studies based on mitochondrial genomes and nuclear marker genes discriminated E. granulosus complex into five different species. According to taxonomy, the groups can be classified in different species, as described. E. granulosus sensu stricto (s.s.) (genotypes G1-G3), E. equinus (G4), E. ortleppi (G5), E. canadensis (G6-G8 and G10) and E. felidis [2, 14, 16] . These species are geographically and epidemiologically separated. According to the geographical distribution, E. granulosus s.s. G1-G3, representing the principal causative agent of CE in humans, has a high prevalence in all the Mediterranean basin [1, 4] .
The parasite life cycle typically includes intermediate hosts, usually ungulates, and definitive hosts, domestic and wild canids, harboring the adult worm. Intermediate hosts are infected by ingesting eggs released in the feces by definitive hosts. The hydatid cyst, the metacestode larval stage consisting of a fluid-filled cyst, could develop in different organs, mainly liver and/or lungs, and may remain asymptomatic for years [19, 20] . Occasionally humans [3, [21] [22] [23] [24] and rarely other species, as carnivores [25] , could act as aberrant hosts, though representing an epidemiological dead end.
Currently diagnosis of CE in animal intermediate hosts is mainly performed at abbatoirs, following the veterinary inspection that permits the detection of hydatid cysts. On the other hand, diagnosis on human beings is mainly performed by means of imaging techniques. These exams permit to establish the localization and the classification of the cyst. According to the guidelines of WHO-IWGE, based on stage-specific cystic, it is possible to distinguish active (CE1, CE2), transitional (CE3a and CE3b) and inactive (CE4 and CE5) cysts [26] . In contrast, differential diagnosis involves infectious lesions and tumors [27] .
Imaging techniques are supported by serological analysis, based on the detection of IgG antibodies anti-E. granulosus. Enzyme-linked immunosorbent assays (ELISA) and indirect hemagglutination assay (IHA) are the main immunological tests for CE patients [28] . Diagnosis and follow-up of CE is till now a matter of concern due to several difficulties related with the available additional techniques used to support the findings of imaging techniques [28] . Nevertheless, several disadvantages have been detected, including low specificity and sensitivity by using both ELISA and IHA [29] [30] [31] [32] [33] [34] . Moreover, these techniques might give rise to cross-reactivity and, consequently, to false positive reaction for sera from patients infected with other pathogens different from Echinococcus [20, 35, 36] . Instead, Immunoblotting technique has higher specificity and sensitivity than ELISA and IHA. For this reason the former is usually used as a confirmatory test [28] . On the other hand, cross-reactivity and false positive reaction has also been detected by analysing sera from animals affected by other cestodes than Echinococcus by means of ELISA and IHA [37, 38] . False negative and a number of different factors, as additional difficulties due to other parasite infection common in sheep, could also be presented [20, 35, 36] .
In addition, molecular diagnosis of DNA-based analyses is necessary, not only to confirm the diagnosis, but also to have a complete diagnostic picture of CE patients [28] . PCR is the foremost molecular analysis presenting a high specificity and sensitivity that could determine the actual infection status of a subject by detection of DNA from a pathogen agent.
The aim of our study is to validate a new diagnostic protocol of "one-step-PCR" useful for the identification of the agent, the detection of the genus and the specie of E. granulosus, also for the identification of its genotype (G1-G3). Our protocol was performed according to the Italian Accreditation Body (ACCREDIA) procedure, based on the Regulation UNI CEI EN ISO/IEC 17025 [39] and OIE (World Organisation for Animal Health) guidelines [40] . The OIE Terrestrial Manual supplies recommendations on the choice of test methods, provides detailed guidance about tests selection, optimisation, standardisation, and validation. In addition, it involves development and optimisation of several tests that aim to detect antibody, antigen or nucleic acid, statistical approaches to test validation, measurement uncertainty, selection and use of reference samples and panels, validation of diagnostic assays and comparability trials after modification in a test method already validated. Among the different criteria for assay development and validation suggested by OIE, we tested the Method performance by evaluating specifically analytical sensitivity (ASe), analytical specificity (ASp), moreover, operator performance such as repeatability and reproducibility.
Materials and methods

Samples
An operator external to the network prepared the blind sets of samples used in the study for the method and operator performances determination (Table 1) . Positive DNA samples were employed for the PCR validation. They comprised, as different Echinococcus species (n = 3), including E. ortleppi, E. multilocularis and E. canadensis, kindly provided by the Italian Istituto Superiore di Sanità (ISS) ready to use, as E. granulosus s.s. (n = 3) extracted during diagnostic routine procedures in our laboratories. DNA negative control samples were represented by DNA (n = 1) extracted during diagnostic routine procedures from an Echinococcus healthy human lymph node and sterile MilliQ water (n = 1).
DNA from E. granulosus s.s. positive samples, extracted during diagnostic routine procedures in our laboratories, were firstly extracted, amplified and sequenced to determine the species and the genotype before to be undergone to the method performance evaluation.
DNA extraction from parasite tissue
DNA positive samples were obtained after hydatid fluid and germinal layer isolation from cystic lesions caused by E. granulosus found in ovine and bovine species, in liver and lung (Table 1) . Samples were collected during slaughtering procedures in an abattoir. Germinal layer was placed in a Petri dish together with hydatid fluid and gently scraped to remove protoscoleces. Parasite material was washed twice in PBS (10 min at 1000 g), the surnatant was discarded and the pellet was aliquoted (25 mg) and stocked at − 80 °C pending DNA extraction. DNA was extracted using the DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany), according to the manufacturer's instructions.
DNA amplification
DNA was amplified by PCR using specific primers [12] slightly modified [41] (F 5′-TTT TTT GGC CAT CCT GAG GTT TAT -3′ e R 5′-TAA CGA CAT AAC ATA ATG AAA ATG -3′) that amplified the gene sequence of the enzyme Cytochrome Oxidase subunit I (COX1). An amount of 1 µl from a solution of 25 pmol/µl 1.6 µM (1 pmol/µl final concentration) of the COX1 primers was used for the amplification of DNA from E. granulosus s.s., together with 1 µl of DNA (3 ng/µl final concentration) plus 4 µl milliQ water RNAse-free, 12.5 µl (1X final concentration) of 2x QuantiTect Probe PCR Master Mix (QIAGEN), finally 5.5 µl of milliQ water RNAse-free were added. The amplification cycle was performed with the following protocol, 1 cycle of 15 min at 95 °C, next 40 cycles of 1 min at 94 °C, 30 s at 58 °C, 1 min at 72 °C and 1 cycles of 5 min at 72 °C, finally, the reaction was stopped at 15 °C. The amplicons were stored at 4 °C until they were electrophoresed.
DNA sequencing
The sequence of the diagnostic product of the COX1 primers, resulted of about 446 bp in size [12, 41] , was soon determined by Sanger method, after the purification of positive amplicons by means of QIAquick PCR Purification Kit (QIAGEN), in a 20 µl reaction volume containing: 4 µl of BigDye Terminator, 2 µl of BigDye Terminator 5X sequencing buffer, 2 µl of H 2 O, 1 µl of each primer (Forward or Reverse), finally 10 µl of DNA. The amplification cycling profile was performed by 25 cycles, each consisting of 10 s at 96 °C, 5 s at 57 °C, and 2 min at 60 °C, finally at 4 °C until the samples were purified by chromatographic resin (Sephadex G-50 DNA grade F). Sequencing step was performed by an electrophoretic run in automatic capillary sequencer 3500 (Genetic Analyzer, Applied Biosystems).
Method performance
All samples were analysed blindly by a total of 5 operators belonging to different laboratories and equally involved in validation of the "PCR E.g.s.s.".
Analytic specificity
The Analytic Specificity (ASp) evaluation was performed by two different operators that compared three PCR tests amplifying the set of 1 negative and 4 positive samples belonging to different species (E. ortleppi, E. multilocularis, E. canadensis, and E. granulosus s.s.). Amplifications were performed by using three different primer pairs for the target sequence of the amplicon for E. granulosus s.s. belonging to G1-G3 genotype. The species and genotype were previously determined by the amplification with COX1 primer pairs [41] and sequencing, as described above. The primer pairs compared corresponded to Ef1a (F 5′: TCC TAA CAT GCC TTG GTA T-3′ R5′: GTT ACA GCC TTG ATC ACG -3′), that amplified the sequence of Elongation-Factor 1 Alpha of 706 bp [42] , Cal (F5′: CAA TTT ACG GTA AAG CAT -3′ R5′: CCT CAT CTC CAC TCTCT-3′), that amplified the gene Calreticulin l of 1001 bp, [42] , and NAD1 (F5′: GGT TTT ATC GGT ATG TTG GTG TTA GTG-3′-R5′: CAT TTC TTG AAG TTA ACA GCA TCA CG-3′), that amplified the amplicon NADH-dehydrogenase-subunit 1 of 219 bp [43] .
PCR amplification protocol was carried out according to References method [42] with minor modification. Briefly, under the following conditions: an initial denaturation step at 95 °C for 15 min followed by 35 cycles of 94 °C for 1 min, 56 °C for 30 s and 72 °C for 1 min and a final extension step at 72 °C of 5 min. Further experiments were performed on different temperature by increasing the annealing step from 56 to 58 °C. After that, each assay was performed using an annealing temperature corresponding to 58 °C.
Analytic sensitivity
Analytic sensitivity (ASe) was determined by two operators calculating the limit of detection (LOD). Two-fold serial dilutions of DNA extracted from E. granulosus were prepared starting from a concentration of 10 ng/µl, then each dilution point was amplified by the PCR E.g.s.s.
Reproducibility
The parameter of reproducibility was assessed by five different operators belonging to two different laboratories. The PCR E.g.s.s. method, with the primers pairs Cal was performed on set samples described in Table 1 by using two sets of different instruments: laminar flow hoods, thermal cycles, micropipettes, electrophoresis powers, electrophoresis chambers and transilluminators. Value of concordance by comparing the expected results and those achieved from the operators was measured by κ coefficient.
Operator performance
Repeatability accuracy and precision
The performance of five operators was evaluated following the amplification in triplicate of a blind set of five samples, that were expected to be three positive to E. granulosus and two negative, as described in Table 1 . Samples were analysed by the PCR E.g.s.s. by using the primers pairs Cal, according to the protocol described above. Following a training, subsequently a proficiency test, firstly the accuracy, way in which an observed value of a quantity agrees with the true value, than the precision, measure of the extent to which repeated observations conform, finally, the inter-operator Repeatability were assessed. To determine the concordance degree among the inter-assay results and those obtained from each operator we used Cohen k coefficient (κ), calculated according to Byrt table.
Results
Sequencing of the DNAs extracted from cystic lesions belonging to ovine lungs and bovine liver (Table 1) , carried out after the amplification, demonstrated its origin from E. granulosus G1.
Method performance
Analytic specificity
The ASp determined by means of PCRs E.g.s.s., using the three primer pairs Ef1a, Cal and NAD1 by two different operators on the set of 5 blinded samples, resulted higher for the primers Cal (Fig. 1) , since they specifically amplified a DNA sequence only for E. granulosus s.s. belonging to G1-G3 genotype. As it is possible to observe in the Fig. 1 , the comparison of results did not show a good specificity for the other primers. Species respectively of E. multilocularis and of E. canadensis were amplified in the PCRs E.g.s.s. carried out with Ef1a and NAD1. Further experiments showed that temperature of annealling presented best results for specificity at 58 °C than 56 °C, with a more definite band, and a reduced background.
Analytic sensitivity
Limit of detection (LOD), determined to evaluate the ASe of the PCR E.g.s.s. by amplifying the two-fold serial dilutions of E. granulosus DNA, corresponded to a concentration of 12.5 pg/µl, since it is still possible to distinguish a signal related to the specific band of 1001 bp (Fig. 2) .
Reproducibility
The assessment of the reproducibility performed by means of the PCR E.g.s.s., by 5 operators belonging to two different laboratories, using different set of instruments, displayed a high agreement value of κ. It was demonstrated by the comparison of the gels obtained by each technician, that didn't displayed any relevant difference.
Operator performance
Repeatability accuracy and precision
Analysed DNA samples, described in Table 1 , as expected, resulted three positive to E. granulosus and two negative. The results from the triplicate analysis performed by the entire assay procedure of the PCR E.g.s.s. presented high concordance. Inter-operator repeatability and Accuracy related to the five operators belonging to different laboratories showed an excellent κ coefficient value (1.00) ( Table 2) , according to the Byrt evaluation scale, between the results expected and those achieved from each operator. In addition, the precision was confirm.
Discussion
The PCR, named PCR E.g.s.s., set up in our laboratories, is direct to the detection of E. granulosus s.s., through the amplification of a gene named Cal, that amplified the gene Calreticulin l of 1001 bp. This amplicon is distinctive of genus, species and genotype of E. granulosus G1-G3. This diagnostic technique is capable to avoid the sequencing of the DNA sample, consequently it is suitable for a "one step detection" of the pathogenic agent in the routine practice, as a simple and quick method for diagnosis in humans and animals.
Our trials were carried out on E. granulosus s.s. samples from CE affected ovine and bovine. However, PCR E.g.s.s. could be performed on different other species after detection of protoscolices DNA, for the diagnosis of E. granulosus s.s. G1-G3 genotype.
Although the amplification of the nuclear CAL gene consents to identify E. granulosus s.s. G1-G3 genotype, by this, and other genes, it is not possible to differentiate between these two genotypes [44] . At the moment, there is no suitable method for the identification and differentiation among these genotypes G1 and G3, apart from sequencing of almost the entire mitochondrial genome or amplifying same mitochondrial markers genes [44] . Indeed, according to a recent study on the phylogenetic network the Nad5 gene fragment (680 bp) permitted to clear distinguish between the genotypes G1 and G3 instead, other mitochondrial marker genes, such as COX1 (366 bp) and/or NAD1 (471 bp) [12, 13] , are able to distinguish between G1 and G3 genotypes when associated to Nad5 [44] . To develop and validate a test is a procedure that lead to improve the performance of Fig. 1 In the panels A and B the methods and consists on evaluation of the feasibility, development and standardization, determination of the characteristics and a continuous monitoring maintenance and improvement of the assay [40] . According to the OIE guidelines, a lack of standardization of diagnostic methods has been carried a disagreement among the results obtained by different laboratories and a lower sensitivity and specificity [40] . Here we describe the determination of several parameters for the validation of the new assay, the PCR E.g.s.s., for the diagnosis of E. granulosus G1-G3.
ASp evaluation by the comparison of the three primer pairs Ef1a, Cal and NAD1, showed the best results for the primers Cal. On the other hand, the PCRs E.g.s.s. carried out by means of Ef1a and NAD1 did not show a good specificity. As it is demonstrated by the very weak band for E. multilocularis, other than that for E. granulosus s.s., amplified by Ef1a primer pairs, being the lower specificity reported by primer pairs NAD1 that amplified for all the DNA species tested, apart from E. ortleppi. Moreover, Analytic Specificity was lightly increased after utilising a higher temperature of annealing. The approach to detect the ASe by analysing triplicate series of DNA dilutions by PCR E.g.s.s., evidenced the capability of the techniques to amplify and detect a very low amounts of parasite DNA. Our results showed that the lower amount of DNA detected still presenting a signal had a concentration of 12.5 pg/µl (Fig. 2) . This amount confirmed the high sensitivity of our method of amplification, even respect to that reported in previous study, in which the Authors by using different primers detect a lower quantity of DNA [45] .
According to these results the assay represents an ideal tool for the detection of low levels of parasite DNA. Based on the high sensitivity of the PCR E.g.s.s., performed on the DNA extracted by protoscolices, we believe that it is possible to detect a positive signal not only in simple biological matrices containing abundant parasitic material such as, worms, germinal layer, but also complex matrices [46, 47] . Heterogeneous samples, for instance, soil, vegetables, host intestinal mucosa, faeces and eggs due to the presence of inhibitors and scarce parasitic material shows serious difficulties to detect DNA material [28, [48] [49] [50] [51] . High ASp and ASe demonstrated that PCR E.g.s.s. is a suitable analysis developed to detect E. granulosus s.s., and to perform a differential diagnosis of E. granulosus sensu lato [s.l.] and E. multilocularis. Moreover, this technique is very useful for the identification of species and genotypes, specifically to discriminate G1-G3, endemic in the Mediterranean basin [52] , with no necessity for DNA sequence analysis.
The method demonstrated a high capacity to remain unaffected by small, but deliberate, variations in method parameters as verified by Reproducibility evaluation. The high agreement value and consistency of results using different series of instrument by several operators from different laboratories has been assessed by the Excellent value of the coefficient κ. The study displayed that the analytical procedure showed a high robustness, as measured during the development of the assay method.
According to the Regulation UNI CEI EN ISO/IEC 17043 [53] , our results regarding the performance of operator allows the habilitation of the five operators, as demonstrated by the Excellent value of the coefficient κ that has been displayed by the inter-operator repeatability (Table 2) . Moreover, the evaluation measure of the intra-assay precision for the five operators did not show any relevant variation on the execution of the assay in triplicate, as well as the conformity of the precision measure.
The use of reliable measurement instruments and validated is of critical implication for the analysis of results and the clinical practice. Hence, it is crucial to estimate and compare the repeatability and reproducibility of such assay, mostly earlier than they become broadly applied in clinical diagnosis as screening tool.
Biomolecular tests could be used to confirm the diagnosis, in addition, they can be very useful tools for the identification of Echinococcus spp. and genotypes [28] .
The global annual costs related to CE, according with WHO, are estimated to be US $ 3 billion [6, 7] . In addition, the average incidence rates in Italy is correlated to a cost of more than Euro 53 million, according to the Hospital Discharge Records (HDRs) in 2001-2014, and more than 3000 disability-adjusted life years (DAYLs). Nevertheless, the highest annual average of costs and DAYLs were observed in Italian Islands (Sardinia and Sicily) [54] . Development and validation of a suitable and quick molecular diagnostic tools is significant not only for routine diagnostic testing of E. granulosus, but also for large scale detection on a wide range of samples and for epidemiological surveillance, particularly useful in endemic areas.
Moreover, DNA analysis is a suitable mass-screening, it can be performed to detect infections at intra vitam and post mortem, are safe for laboratory personnel and are costeffective. In addition, PCR has increasingly been recognized as a complementary diagnostic tool for echinococcosis since several years [55, 56] . In conclusion, consistent with the conformity of the assessed parameters such as analytical and diagnostic performance, conformity of precision and the 
